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The maternal blood space in the mouse placenta is lined not by endothelial cells but rather by various
subtypes of trophoblast giant cells (TGCs), deﬁned by their location and different patterns of gene
expression. While TGCs invade the spiral arteries to displace the maternal endothelium, the rest of the
vascular space is created de novo but the mechanisms are not well understood. We cultured mouse
trophoblast stem (TS) cells in suspension and found that they readily form spheroids (trophospheres).
Compared to cells grown in monolayer, differentiating trophospheres showed accelerated expression of
TGC-speciﬁc genes. Morphological and gene expression studies showed that cavities form within the
trophospheres that are primarily lined by Prl3d1/Pl1α-positive cells analogous to parietal-TGCs (P-TGCs)
which line the maternal venous blood within the placenta. Lumen formation in trophospheres and
in vivo was associated with cell polarization including CD34 sialomucin deposition on the apical side and
cytoskeletal rearrangement. While P-TGCs preferentially formed in trophospheres at atmospheric
oxygen levels (19%), decreasing oxygen to 3% shifted differentiation towards Ctsq-positive sinusoidal
and/or channel TGCs. These studies show that trophoblast cells have the intrinsic ability to form
vascular channels in ways analogous to endothelial cells. The trophosphere system will be valuable for
assessing mechanisms that regulate speciﬁcation of different TGC subtypes and their morphogenesis
into vascular spaces.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The ancestral type of placenta among mammals is hemochorial,
in which maternal blood is lined not by endothelial cells but rather
by conceptus-derived cells of the trophoblast cell lineage (Wildman
et al., 2006), and is observed in humans and rodents. On the arterial
side, specialized trophoblast cells invade into maternal arteries to
replace the endothelial cells, a process called vascular invasion and
mimicry (Rai and Cross, 2014). However, within the placenta itself,
trophoblast cells undergo morphogenesis to create the maternal
blood compartment (vasculogenic mimicry) (Rai and Cross, 2014). On
the venous side, trophoblast cells must connect with maternal
endothelial cells to deliver the maternal blood back into maternal
vessels. Given the complexity of these interactions, it is not surprising
that pregnancy-related complications occur in humans with defects
in the maternal vascular space but associated with the trophoblast
compartment including preeclampsia and placenta abruption
(Kaufmann et al., 2003; Rossant and Cross, 2001). Likewise, there
are several examples of mouse mutants with defects in the maternal
blood compartment (Gasperowicz et al., 2013b; Guzman-Ayala et al.,
2004; Scott et al., 2000), as recently reviewed (Rai and Cross, 2014).
The maternal vascular network in the placenta is best described
in mice and is lined by ﬁve subtypes of trophoblast giant cells
(TGCs) which share properties of being large, polyploid cells
arising from endoreduplication and expression of a complex array
of hormones (Gasperowicz et al., 2013b; Simmons et al., 2007).
Blood enters the placenta through radial arteries that then branch
into several spiral arteries within the decidua (Adamson et al.,
2002). Spiral artery TGCs (SpA-TGCs) invade the spiral arteries,
replacing the endothelial cells and hence taking over the vascu-
lature. The arteries also lose their smooth muscle and become
greatly dilated, a process known as spiral artery remodeling
(Adamson et al., 2002). Cell ablation experiments have shown
that SpA-TGCs are critical to initiate the remodeling (Hu and Cross,
2011), though the remodeling occurs well upstream of even the
deepest invading SpA-TGCs (Adamson et al., 2002), and is thought
to involve interactions with maternal uterine NK cells (Matson and
Caron, 2014; Soares et al., 2014). The spiral arteries converge to
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form a large canal that carries oxygenated blood to the base of the
placenta where it then enters the small sinusoid spaces within the
labyrinth spaces lined by canal TGCs (C-TGC) and sinusoidal TGCs
(S-TGC), respectively. After exchange of gases and nutrients, blood
then moves out through channels lined by channel TGCs (Ch-
TGCS) into large lacunae lined by parietal TGC (P-TGC) that
connect with endothelial cells in the uterine veins. The subtypes
of TGCs differ not just in location, but also in cell lineage origin and
expression of hormones (Simmons et al., 2007) implying that they
have different functions.
While the bHLH transcription factor Hand1 is crucial for
differentiation of all subtypes of TGCs (Hu and Cross, 2011;
Simmons et al., 2007), there are only a few insights into mechan-
isms that specify different TGC subtypes. In culture, retinoic acid
promotes development of P-TGCs but suppresses formation of
S-TGCs, Ch-TGCs and C-TGCs (Simmons et al., 2007; Yan et al.,
2001). Deletion of transcription factor Tle3 leads to reduction in
number of Prl2c2/Plf-positive P-TGCs and Ch-TGCs (Gasperowicz
et al., 2013b). Notch2 promotes differentiation of TGCs thou-
gh more on the arterial side of the maternal vascular space
(Gasperowicz et al., 2013b); Hamada et al., 1999; Hunkapiller et
al., 2011). Tissue oxygen levels regulate trophoblast differentiation
and there are suggestions that it may differentially impact differ-
ent TGC subtypes. The oxygen tension in the human placenta
changes during various stages of gestation from less than 20 to
more than 50 mm Hg (Jauniaux et al., 2000). It is hypothesized
that initial placental development in mice also occurs at low
oxygen levels (Adelman et al., 2000; Dunwoodie, 2009), the time
when the ﬁrst TGC subtype, P-TGCs, differentiate. In the mature
mouse placenta, the subtypes of TGCs on the venous side, Ch-TGCs
and P-TGCs, are exposed to deoxygenated blood whereas SpA-
TGCs and C-TGCs are in contact with oxygenated blood, and S-
TGCs are bathed in diminishing concentrations of oxygen depend-
ing on the level within the labyrinth. Previous studies with
trophoblast stem (TS) cells grown as adherent monolayers,
showed that culturing in 3% oxygen, compared to the atmospheric
levels (20%), increased expression of a P-TGC-speciﬁc gene
(Prl3d1/Pl1α) but had no effect on other TGC-speciﬁc genes (Koch
et al., 2012). The cellular response to low oxygen levels is regulated
by a family of transcription factors, known as hypoxia inducible
factors (Hifs). Knockout mice for Hif1α, Hif2α and Arnt have shown
that these factors also regulate trophoblast differentiation (Co-
wden Dahl et al., 2005). TS cells derived from Hif mutants also
show defects in differentiation (Choi et al., 2013). Hif1α/2α double
mutants and Arnt mutants show reduced expression of the P-TGC-
speciﬁc gene Prl3d1 (Adelman et al., 2000; Cowden Dahl et al.,
2005), though at the time of the analysis, markers of other TGC
subtypes were not assessed. Mutant TS cells lacking the gap
junction protein Cx31 are unable to stabilize the Hif1a transcrip-
tion factor under hypoxic conditions, fail to increase Prl3d1 mRNA
expression in response to hypoxia, but instead increase expression
of other TGC-speciﬁc genes including Ctsq which is speciﬁc to S-
and Ch-TGCs (Koch et al., 2012).
All cells in vivo develop in a three-dimensional (3D) space and
there are several examples in which the microenvironment is
crucial for determining their characteristics, which cannot be
provided in monolayer culture. Many 3D culture systems have been
established including mammospheres, endothelial cell spheroids,
and neurospheres (Fennema et al., 2013). Human cytotrophoblast
cells have been grown as spheroids (Dokras et al., 2001; Korff et al.,
2004) but whether this inﬂuences patterns of differentiation is not
entirely clear. The extracellular microenvironment of cultured
mouse TS cells has been shown to affect the differentiation of
syncytiotrophoblast versus TGCs. (Choi et al., 2013). The ﬁve TGC
subtypes form in speciﬁc locations within the mouse placenta,
suggesting that there may be location-speciﬁc cues. Our goal here
was to develop a 3D culture system to determine if differentia-
ting TS cells have an intrinsic ability to form vascular-like struc-
tures or if external signals from the uterus or maternal blood are
required.
Materials and methods
Mice
CD1 strain pregnant female mice were dissected at embryonic
days (E) 7.5 through 12.5 (noon on the day of the vaginal plug was
designated as E0.5). All animals were housed under normal light
conditions (12 h light/12 h dark) with free access to food and
water. All animal procedures were carried out in accordance with
the University of Calgary Animal Care Committee.
Trophoblast stem (TS) cell culture
The TgRS26 line of TS cells was cultured as previously described
(Tanaka et al., 1998). Proliferation medium contained RPMI1640
(Invitrogen) with 20% fetal bovine serum (FBS), 1 mM sodium
pyruvate, 50 μg/ml penicillin/streptomycin, 5.5105 M β-mer-
captoethanol, 25 ng/ml basic ﬁbroblast growth factor (bFGF, Sigma
Chemical Company, St Louis, USA), 1 μg/ml heparin (Invitrogen)
and 70% of media preconditioned by embryonic ﬁbroblast cells for
two days. Differentiation media simply lacked bFGF, heparin and
embryonic ﬁbroblast conditioned medium. For consistency of
results all experiments used cells between passages 45 and 55.
To generate spheres of deﬁned size, 103 and 104 cells were ﬁrst
suspended in 5 or 10 ml of proliferation medium in Ultra Low
Attachment dishes (Corning, USA), or 50–500 cells were implanted
in hanging drops (20–30 μl), for up to two days. Then the nascent
trophospheres were collected, washed in 1X phosphate buffer
saline (PBS) and transferred to Ultra Low Attachment dishes with
differentiation medium for another 6–8 days. The cell suspension
was cultured in 100 mm, 60 mm or 96 well Ultra Low Attachment
dishes at 37 1C under 95% humidity, 5% CO2 and atmospheric O2
(19%) and nitrogen in a Forma Scientiﬁc Incubator (Thermo Fisher
Scientiﬁc, USA). To achieve low oxygen conditions, cultures were
maintained at 37 1C in a Heracell 150i incubator (Thermo Fisher
Scientiﬁc, USA) with 5% CO2 and nitrogen to balance the oxygen
levels that were ﬁxed to 1%, 3% or 8%.
Histology
For histological analysis, placentas were dissected and ﬁxed at
4 1C in 4% paraformaldehyde in 1 PBS overnight, washed 3 times
with 1 PBS, dehydrated through ethanol gradients and xylene,
parafﬁn embedded, sectioned (10 μm thick), deparafﬁnized and
stained with hematoxylin and eosin or treated for in situ hybridiza-
tion or immunostaining. Placentas for cryosection were dissected,
ﬁxed at 4 1C in 4% paraformaldehyde (in 1X PBS) overnight, washed
three times with 1X PBS, incubated in 15% and 30% sucrose/1X PBS
solutions and embedded in OCT compound (Sakura Finetek, Tor-
rence, CA USA) on dry ice and frozen at 80 1C.
In situ hybridization
In situ hybridization was performed as described previously
(Simmons et al., 2007) with some modiﬁcations. Brieﬂy, 10 m parafﬁn
sections were adhered to Super Frost Plus slides (VWR International,
West Chester, PA, USA), deparafﬁnized in xylene and rehydrated
through ethanol gradients, post-ﬁxed in 4% PFA, treated with protei-
nase K (30 g/ml for 20 min at room temperature; Roche, Laval, Quebec,
Canada), acetylated for 10 min (acetic anhydride, 0.25%; Sigma-
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Aldrich, Oakville, Ontario, Canada) and hybridized with digoxigenin
(DIG)-labeled probes overnight at 65 1C. Subsequently sections were
washed, treated with RNase, blocked for 1 h at room temperature and
incubated overnight at 4 1C in blocking solution containing anti-DIG
antibody conjugated to alkaline phosphatase (1:2500; Roche, Man-
nheim, Germany). After washing, color was developed using NBT/BCIP
according to the manufacturer's protocol (Promega, Sunnyvale, CA,
USA). Sections were counterstained in Nuclear Fast Red (Vector
Laboratories, Burlingame, CA), dehydrated and cleared in xylene and
mounted in Cytoseal Mounting Medium (VWR International, West
Chester, PA, USA). At least three central sections from at least three
(n¼3) placentas were stained at each analyzed developmental stage
for each probe.
Immunoﬂuorescence
Sections of E8.5 and E10.5 placentas were de-waxed with
xylenes and rehydrated in ethanol gradients. Antigen was
retrieved with trypsin (Sigma-Aldrich, Oakville, Ontario, Canada)
according to the manufacturer's protocol and endogenous perox-
idase activity was quenched with 0.3% hydrogen peroxide. Sec-
tions were then permeabilized with 0.1% Triton X-100 and blocked
with goat serum and 1% bovine serum albumin. Thereafter,
sections were incubated for either anti-Prl3d1/Pl1α (Santa Cruz
Biotechnology Inc., USA; SC-34713) (1:200) or anti-CD34
(eBioscience Inc., USA) (1:300) in a humidiﬁed chamber for over-
night at 4 1C. Sections were then washed 3 times with PBS and
Fig. 1. Morphological and gene expression comparison of ﬂat and 3D culture of TS cells. (A) Phase contrast images of TS cell 2D ﬂat cultures and 3D cultures after 8 days of
differentiation. A deﬁned number of cells (10,000) were seeded in 60 mm plate with proliferating median. After 2 days proliferating media was replaced with differentiating
mediann. In 2D cultures TS cells differentiated in to trophoblast giant cell. For 3D culture about 50,000 cells were seeded in non-adhesive 100 m plate and were cultured same
as above. Cells proliferated, aggregated and formed multiple spheroids. (B) Schematic representation of 3D culture. (C) Quantitative RT-PCR analysis of trophoblast marker
gene expression in ﬂat and spheroidal cultures. Total RNA was collected every alternate day from both groups.
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incubated with secondary antibody Donkey anti goat Cy3 for 1 h at
room temperature. Nuclear staining was done using Hochest
(Roche, Germany) 1 μg/ml in PBS for 10 min at RT. Section were
then mounted using Cytoseal (EMS, USA).
Quantitative real time-PCR
RNAwas isolated from TS cell cultures (3 independent replicate
experiments) by lysis in Qiagen RLT buffer and RNA puriﬁed using
RNeasy microspin columns as outlined by the manufacturer
(Qiagen, USA). mRNA expression was assessed by quantitative
reverse transcription (RT)-PCR using the SYBR green method as
previously described (Watson et al., 2011). Brieﬂy, 1 mg of total
RNA was reverse transcribed using the Quantitect Reverse Tran-
scription Kit for SYBR green quantitative PCR (#205311, Qiagen).
PCR reactions were then prepared using the Quantitect SYBR green
PCR kit (#204143, Qiagen), according to the manufacturers'
instructions, and thermocycling was conducted on an MJ Research
DNA Engine, Opticon2 thermocycler. Quantitative PCR reactions
were conducted in triplicate on cDNA representing three inde-
pendent experimental replicates for each gene. Primer sequence
were as follows: Prl3d1 F 50-CTG CTG ACA TTA AGG GCA; R 50-AAC
AAA GAC CAT GTG GGC, Prl3b1 F 50-TCC TTC TCT GGG GCA CTC CTG
TT; R 50-CCA TGA AGG CTT TTG AAG CAA GAT CA, Prl2c2 F 50-TTC
CCA TGT GTG CAA TGA GG; R 50–AGT CAT TGT CTA GGC AGC TG,
Ctsq F 50-TTC ATT GGC CCA ATA CCC TA; R 50-GAA AGC TCC CAG
AAT TCA CA, Syna F 50-ATG GAG AAA CCC CTT ACG CT; R 50-TAG
GGG TCT TTG TGT CCC TG, Gcm1 F 50-CAT CTA CAG CTC GGA CGA
CA; R 50-CCT TCC TCT GTG GAG CAG TC, Tpbpa F 50-AAG TTA GGC
AAC GAG CGA AA; R 50-AGT GCA GGA TCC CAC TTG TC, and Hprt1 F
50-CCT AAG ATG AGC GCA AGT TGA A; R 50-CCA CAG GAC TAG AAC
ACC TGC TAA. Hprt1 was used as a reference gene and data was
compiled and analyzed for signiﬁcant changes in gene expression
using Relative Expression Software Tool (REST). Signiﬁcance was
determined by T-test, po0.05.
Quantitation of histomorphology and statistical analysis
Quantitative analysis was done on histological samples using
ImageJ version 1.48 software (NIH). To analyze the proportion of
TGCs in trophospheres (Fig. 2B), the sections were stained for
Prl3d1, Prl3b1, Prl2c2 and Ctsq mRNAs and the number of both
stained and unstained cells in trophospheres was counted to
generate the percentage of positive cells. The error bar represents
the conﬁdence intervals. For comparison of the size of the nucleus
and spaces within trophospheres and placentas, sagittal sections
of E10.5 placentas (n¼25) and 2þ8d trophosphere sections
(n¼50) were stained for Prl3d1 mRNA using in situ hybridization.
The luminal cross-sectional area and diameter of in vitro cavities
and maternal blood spaces lined by Prl3d1 positive cells was
selected using the Wand and Line tools respectively. All other area
measurements were also done using the Wand tool (Figs. 3B and
5C). Values were averaged and the mean and conﬁdence interval
for nuclear area, space area, and space diameter was plotted. To
analyze the effect of oxygen levels (Fig. 5C), histological sections of
trophosphere sections (n¼50) were stained with H & E and cell
count was done using Cell Counter Plugin in ImageJ. The surface
area per cell was calculated by dividing the number of cells
per stained area. The error bars represent the standard deviation
in the data.
Data shown in Fig. 2B, Fig. 3B and Fig. 5C was ﬁrst analyzed
using D’Agostino and Pearson omnibus normality test to examine
if the data followed Gaussian normal distribution. The data shown
in Fig. 2B followed Gaussian distribution, therefore we performed
two-tailed unpaired t-test for statistical signiﬁcance. Statistical
signiﬁcance of Fig. 3B and Fig. 5C was evaluated by two-tailed
Mann–Whitney test as these data do not follow Gaussian normal
distribution.
Results
TS cells in 3D spheres (trophospheres) show accelerated TGC
differentiation
When cultured in monolayer on polystyrene surfaces, TS cells
differentiate into different subtypes of trophoblast cells, including
all subtypes of TGCs (Hemberger et al., 2004). However, the
relative proportion of any one subtype of differentiated cell is
very low (Simmons et al., 2007) and the cells do not have the
chance to form patterned 3D structures. We therefore generated
suspension cultures of TS cells plated at low density to see if they
could form 3D structures. ‘Trophospheres’ readily formed in both
hanging drop and ultra low attachment culture dishes. TS cells are
very difﬁcult to disperse into single cells, often not surviving, and
so the spheres likely arose from small aggregates of a few cells. In
the initial experiments, the TS cells were maintained in prolifera-
tion medium for two days and then switched to differentiation
medium for up to 8 days (Fig. 1A and B). Gene expression analysis
comparing monolayer cultures and trophospheres revealed that
3D culture accelerated the differentiation of TGCs (Fig. 1C). Mar-
kers of all TGC subtypes—Prl3d1, Prl3b1, Prl2c2 and Ctsq (see
Table 1 for summary of in vivo expression patterns) - were highly
expressed in trophospheres and expression rose above undiffer-
entiated levels earlier during differentiation. Prl3d1, Prl3b1 and
Prl2c2 mRNAs were consistently higher in trophospheres com-
pared to monolayer cultures throughout the culture period. How-
ever, peak expression levels of Ctsq were similar in monolayer
cultures and trophospheres (Fig. 1C). Trophosphere culture slighty
accelerated the expression of Syna and Tpbpa mRNAs, markers of
syncytiotrophoblast layer I and spongiotrophoblast, respectively,
but did not affect expression of Gcm1 mRNA, a marker of syncyt-
iotrophoblast layer II (Fig. 1C).
Duration of FGF4 exposure generates trophospheres of distinct
morphologies
When trophospheres were cultured longer in proliferation
medium before switching to differentiation medium, the spheres
tended to be more solid appearing (Fig. 2A). By contrast, switching
to differentiation medium early during suspension culture (0–2
days) resulted in similar sized spheres but more frequently they
had visible cavities (Fig. 2A). Morphological study of hematoxylin
and eosin stained histological sections revealed that even solid
appearing spheres did have small cavities close to the periphery of
the trophosphere. The diameter of the trophospheres ranged
between 100 and 425 μm, with an average of 250 μm. The cavities
within the trophospheres varied in diameter from 5 to 135 μm, or
50 μm2 to 9500 μm2 in area (Fig. 3B). Hollow spheres with single
cavities tended to have larger cavities and fewer cells (Fig. 2A).
However, both types of trophospheres were composed of mixed
populations of TGC subtypes and TGC progenitors. Of all the TGC
marker genes, Prl3d1 had the highest and most widespread
expression in trophospheres (Fig. 2B and C). Prl3d1 positive cells
in the trophospheres were 35% of total cells, though it was as
high as 70% in some samples. By contrast, Prl3b1, Prl2c2 and Ctsq
positive cells were only 15%, 7% and 5%, respectively (Fig. 2C).
Expression of these markers was inconsistent, though the positive
cells for Prl3b1/Pl2, Prl2c2/Plf and Ctsq were mostly lining the
cavities (arrowheads Fig. 2B). The cells that did not stain for any
marker of terminally differentiated TGCs were mostly positive for
Hand1mRNA (Fig. 2B), which in vivo is expressed in both TGCs and
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their progenitors (Scott et al., 2000). The expression of syncytio-
trophoblast genes Syna and Synb was not detected by in situ
hybridization and Gcm1mRNAwas only occasionally seen in 2 and
3 cells in per section (data not shown). These results indicate that
Prl3d1-positive P-TGCs were abundant in trophospheres and they
formed cavities.
Parietal-TGCs form cavities in trophospheres similar to maternal
blood spaces in the placenta in vivo
To conﬁrm that the cavities in trophospheres mimicked mater-
nal vascular spaces in vivo, we performed gene/protein expression
and morphometric comparisons of cavities and venous vascular
spaces in the placenta. Since expression of Prl3d1 is exclusive to
P-TGCs (Simmons et al., 2007; Simmons et al., 2008) that surround
maternal venous blood exiting the placenta (Gasperowicz et al.,
2013b), we focused on these cavities. The in situ hybridization for
Prl3d1 mRNA and immunostaining for Prl3d1 protein showed
remarkable similarities between maternal blood spaces in the
placenta and the cavities in the trophospheres (Fig. 3A). Prl3d1-
expressing P-TGCs completely surrounded the maternal blood
spaces as venous blood leaves the placenta in vivo and the cavities
in the trophospheres. The sizes of the P-TGC-lined cavities in
trophospheres were similar to the sizes of maternal blood spaces
formed by P-TGCs in the placenta. The diameter and area of
maternal blood spaces in the placenta ranged between 10 and
130 μm and 50–7500 μm2, respectively. The mean diameter of
both trophosphere cavities and maternal blood spaces was
40 μm, though the mean cross-sectional area was slightly larger
for trophosphere cavities than in vivo spaces (Fig. 3B). The results
from both in situ hybridization and immunoﬂuorescence sug-
gested that the cavities in trophospheres were lined by P-TGCs
and that they have an autonomous ability to form vascular spaces.
Since P-TGCs were the only subtype of TGC that was consistently
formed at high frequency, it suggested the other subtypes of TGCs
may need other external cues for their speciﬁcation.
Parietal-TGCs behave like endothelial cells to form vascular spaces
In endothelial cells, lumen formation starts with ﬁrst determin-
ing the apical surface. During the early stages of lumen develop-
ment CD34 sialomucin is deposited on the apical surface (Strilic
et al., 2009). This CD34 sialomucin then generates a negative
repulsion that in turn leads to cytoskeletal rearrangement creating
a lumen (Bryant and Mostov, 2008; Lammert and Axnick, 2012;
Strilic et al., 2009). To determine if lumen formation between
Fig. 2. Trophospheres have cavities lined by TGCs. (A) Two types of trophospheres were forming in culture, solid appearing and spheres with cavities. H & E staining on
cross-sections of trophospheres showed that despite the type of spheres both solid appearing and hollow appearing had cavities (asterisks). (B) In situ hybridization staining
for TGCs markers. Cavities in trophospheres were always lined by TGCs markers Prl3d1/Pl1, Prl3b1/Pl2, Prl2c2/Plf and Ctsq. All the markers were mostly on the periphery of
trophospheres. Most cells in trophospheres where positive for TGC progenitor marker, Hand1. However after 8 days of differentiation of no Tpbpa-positive cells were
detected in the trophospheres. (C) Ratio of TGCs in trophospheres. Quantitative analysis of number of cells positive for each TGC marker to the total number of cells in that
trophospheres gives the ratio of TGC in trophospheres (n¼25).
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P-TGCs occurs by similar mechanisms, we stained histological
sections for CD34 and F-actin. CD34 was apparent on the apical
surface of trophoblast cells surrounding maternal blood spaces
within the ectoplacental cone and junctional zone at E8.5 (Fig. 4A).
In trophospheres, CD34 accumulated between cells marking the
start of cavity formation early during trophosphere formation
(2 days in proliferation medium) (Fig. 4B). Cytoskeletal rearrange-
ment marked by F-actin localization was also seen in these
trophoblast cells in trophospheres (Fig. 4B). Once the lumen was
established in both placenta and trophospheres, CD34 expression
diminished and was not apparent in trophosheres by 8 days of
differentiation (Supplementary Fig. 1). To determine if lumen
formation was due to apoptosis, we performed TUNEL-staining
on placenta (E.5, 10.5, 12.5) and trophospheres (2 and 4 days of
differentiation) but found no association between cell death and
maternal vascular space formation (data not shown).
Low oxygen (3%) promotes differentiation of Ctsq-positive sinusoidal
and/or channel TGCs
Physiological oxygen levels change during early pregnancy and
previous studies with TS cells cultured as monolayers indicated
that oxygen levels can affect both proliferation and differentiation
(Adelman et al., 2000; Kibschull et al., 2004; Koch et al., 2012).
When cultured in 8% oxygen, trophospheres were substantially
smaller, due to fewer cells, and showed lower expression of most
TGC-speciﬁc genes (Fig. 5A and B). In 1% oxygen, TS cells failed to
proliferate (Fig. 5A), showed evidence of dark pyknotic nuclei, and
gene expression was low (Fig. 5C). At 3% oxygen, spheres were
healthy but smaller than 19% and similar to 8% oxygen. The smaller
size was due to smaller cavities, reduced cell number and smaller
cell size (Fig. 5C). There was decrease in Prl3d1, Prl3b1 and Prl2c2
gene expression but expression of Ctsq, a marker of S- and Ch-
TGCs, was signiﬁcantly increased (Fig. 5C). Unfortunately we do
not know of any unique markers for these TGC subtypes and so
combinations of marker genes are required (Table 1). S- and Ch-
TGCs, while both expressing Ctsq and Prl3b1, differ in that S-TGCs
do not express Prl2c2. Because 3% oxygen had no effect on Prl2c2
mRNA expression, compared to 8%, the results are consistent with
3% promoting S-TGC differentiation speciﬁcally. In general, the
results indicated that by modulating culture conditions, TS cells
can be stimulated to differentiate into different subtypes of TGCs.
Discussion
The aim of this study was to determine if TGCs have an
autonomous ability to form vascular structures or if they require
external stimuli to do so. We developed a suspension culture
system in which TS cells readily formed spheroids, and cells
Fig. 3. Trophospheres have cavities similar to maternal blood spaces in placenta. (A) Comparison of maternal blood spaces in placenta and cavities in trophospheres lined by
Prl3d1-positive cells. The maternal blood spaces (arrowheads) formed by P-TGCs in the placenta at E10.5 (A) were similar to cavities formed by Prl3d1/Pl1α- expressing cells
in trophospheres (arrowheads). (B) Quantitative analysis of the diameter and area of spaces in the maternal blood spaces of the placenta and the cavities in trophospheres.
The area of the nucleus surrounding the spaces in both placenta and trophospheres was similar.
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differentiated primarily into P-TGCs. The P-TGCs formed cavities
that were similar to the maternal venous blood spaces enveloped
by P-TGCs in the mouse placenta in vivo. The cavities likely formed
by active repulsion on the apical side based on CD34 deposition,
similar to what occurs in endothelial cells during blood vessel
lumen formation. Other TGC subtypes appeared to form in the
trophospheres but only at very low frequency suggesting that their
speciﬁcation requires external cues. Consistent with this, we found
that reduced oxygen (3%) promoted differentiation of Ctsq-positive
S-TGCs while suppressing P-TGCs. One limitation of these studies
is that there are presently only a few marker genes that can
distinguish TGC subtypes and only one that is truly unique to one
TGC subtype (Prl3d1).
Compared to other subtypes of TGCs, P-TGCs are the largest in
size and DNA content (Simmons et al., 2007) and have polytene
genomes (Zybina and Zybina, 1996). They are the ﬁrst TGC subtype
to form, initially from mural trophectoderm of the blastocyst at
which time there is little maternal blood ﬂow. P-TGCs continue to
emerge up to E10.5 from different lineage pathways (Simmons
et al., 2007). By the time that the maternal circulation is evident
throughout the placenta after E8.5 (Adamson et al., 2002;
Simmons et al., 2007), P-TGCs are in contact with maternal blood
but they are conﬁned to surrounding the maternal venous blood
that is leaving the placenta (Gasperowicz et al., 2013b) and only
SpA-TGCs engage the arterial blood supply. They express a variety
of hormone genes including Prl3d1 early in development followed
by Prl3b1 and Prl2c2 (Carney et al., 1993; Simmons et al., 2007;
Simmons et al., 2008).
All TGCs behave like endothelial cells in lining maternal blood
spaces in placenta (Rai and Cross, 2014). Trophoblast cells express
some factors similar to endothelial cells that are crucial for lumen
formation such as expression of VEGF ligands/receptors (Abbott
and Buckalew, 2000), cytoskeletal rearrangement (Parast et al.,
2001), and cell polarization markers (Clayton et al., 1999; El-
Hashash and Kimber, 2006). Therefore, we hypothesized that TGCs
use a lumen formation mechanism similar to endothelial cells. One
of the mechanisms used by mouse endothelial cells for lumen
formation is localization of sialomucins and F-actin on the apical
side of cell–cell contacts (Strilic et al., 2009). Like endothelial cells,
trophoblast cells showed localized expression of CD34 and F-actin
early during lumen formation both in vivo and in vitro. Interest-
ingly CD34 expression was detected in trophoblast progenitors
and was reduced or even lost by the time that the P-TGCs were
fully differentiated cells, suggesting that the commitment of cells
to form a lumen occurs early and perhaps coincident with spec-
iﬁcation of the progenitors to become a speciﬁc TGC subtype.
Future studies involving loss-of-function of CD34 or other mem-
bers of the lumen formation cascade such as F-actin, or Moesin,
are required to prove the mechanisms underlying lumen forma-
tion in trophoblast-lined vascular spaces.
The inability of other subtypes of TGCs to develop consistently
in trophospheres suggested that they require additional signals to
become speciﬁed. Many reports have previously suggested the role
of oxygen levels in determining trophoblast cell fate (Adelman et
al., 2000; Cowden Dahl et al., 2005; Koch et al., 2012). Hypoxia
inducible factors (HIFs) are transcription factors activated by low
oxygen levels. Deletion of Hif1α/Hif2α and Arnt alters differentia-
tion of trophoblast both in vivo and in vitro (Adelman et al., 2000;
Cowden Dahl et al., 2005). In addition to regulation by oxygen,
however, HIF activity in TS cells is also regulated by the extra-
cellular matrix (Choi et al., 2013). Mutation in gap junction protein
C31 shifts fate from P-TGCs to S-TGCs and/or Ch-TGCs due to
reduced of oxygen sensing ability (Koch et al., 2012). In the
maternal vasculature of placenta, the different subtypes of TGCs
Fig. 4. Localization of CD34 and F-actin at cell–cell contacts during early stages of lumen development in placenta and trophospheres. (A) CD34 was expressed by
trophoblast cells in the placenta at E8.5. Left—H & E staining of E8.5 placenta section. Right—Higher magniﬁcation immunostaining of the boxed area on a consecutive slide.
Insert is a higher magniﬁcation view of the maternal blood space lined by CD34 on the luminal surface. (B) Histological sections of trophospheres stained for CD34, F-actin
and DNA. CD34 was expressed at cell–cell contacts in trophospheres proliferating for 2 days. Cells surrounding the spaces in 2þ8d trophospheres had localized
rearrangement of F-actin.
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are exposed to different oxygen levels. Several studies have shown
that physiological oxygen levels regulate human trophoblast diff-
erentiation (James et al., 2006). Previous reports have shown that
low oxygen (3%) induces P-TGC differentiation in TS cell monolayer
cultures (Adelman et al., 2000; Koch et al., 2012) but in tropho-
spheres it decreased P-TGC differentiation. Similarly, whereas low
oxygen had no effect on Ctsq expression, a marker of S- and Ch-
TGCs, in monolayer cultures of differentiating TS cells (Koch et al.,
2012), we discovered that it promoted Ctsq-expression in tropho-
spheres. We conclude that the niche that cells are exposed to
determines their differentiation response to oxygen levels.
The low frequency of TGCs that line the arterial side of pla-
cental vasculature (SpA-TGCs and C-TGCs) in trophospheres sug-
gested that differentiation of these cell types requires non-cell
Fig. 5. Effect of oxygen levels on trophosphere cultures. (A) Histological comparison of trophospheres cultured in atmospheric oxygen (19%) oxygen and lower oxygen levels
8%, 3% and 1% oxygen. There were cavities in the 19% culture spheres (arrowhead) but fewer cavities were present in lower oxygen cultured spheres. (B) Quantitative RT-PCR
analysis of TGC markers. (C) The decrease in the size of trophospheres cultured in 3% is due to the decrease in number of cells, and absence of spaces represented by surface
area/volume ratio.
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automomous signals other than oxygen levels. Other potential
stimuli include interactions with endothelial cells, blood compo-
nents, blood ﬂow, and/or signaling from neighboring decidual cells
in the uterus. SpA-TGCs on the arterial edge and P-TGCs on the
venous edge connect with uterine endothelial cells via intercel-
lular junctions which potentially could have signaling effects
besides simple adhesion (Rai and Cross, 2014). Notch2 signaling
is important for SpA-TGC development in vivo (Gasperowicz et al.,
2013b; Hunkapiller et al., 2011; Rai and Cross, 2014) and the Notch
ligand Dll4 is expressed in decidual cells (Gasperowicz et al.,
2013a), potentially ﬁtting with a role for the decidua is regulating
SpA-TGC speciﬁcation and/or development.
Conclusions
Our results suggest that speciﬁcation of the various TGC sub-
types is regulated by different factors. The trophosphere culture
system revealed that P-TGCs have an intrinsic ability to become
speciﬁed and form vascular spaces at high frequency, whereas other
extrinsic factors are required to promote other TGC subtypes. The
3D arrangement of cells in the trophosphere culture system likely
provides a better context for exploring these mechanisms.
Acknowledgments
The authors thank Malgorzata Gasperowicz, Jan-Dirk Haeger
and Xiang Zhao for their assistance and helpful discussions. The
work was supported by grants from the Canadian Institutes of
Health Research, Canada (grant no. 37776) and Alberta Innovates
Health Solutions, Canada.
Appendix A. Supporting information
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ydbio.2014.11.023.
References
Abbott, B.D., Buckalew, A.R., 2000. Placental defects in ARNT-knockout conceptus
correlate with localized decreases in VEGF-R2, Ang-1, and Tie-2. Dev. Dyn.: Off.
Publ. Am. Assoc. Anat. 219, 526–538.
Adamson, S.L., Lu, Y., Whiteley, K.J., Holmyard, D., Hemberger, M., Pfarrer, C.,
Cross, J.C., 2002. Interactions between trophoblast cells and the maternal and
fetal circulation in the mouse placenta. Dev. Biol. 250, 358–373.
Adelman, D.M., Gertsenstein, M., Nagy, A., Simon, M.C., Maltepe, E., 2000. Placental
cell fates are regulated in vivo by HIF-mediated hypoxia responses. Genes Dev.
14, 3191–3203.
Bryant, D.M., Mostov, K.E., 2008. From cells to organs: building polarized tissue.
Nat. Rev. Mol. Cell Biol. 9, 887–901.
Carney, E.W., Prideaux, V., Lye, S.J., Rossant, J., 1993. Progressive expression of
trophoblast-speciﬁc genes during formation of mouse trophoblast giant cells
in vitro. Mol. Reprod. Dev. 34, 357–368.
Choi, H.J., Sanders, T.A., Tormos, K.V., Ameri, K., Tsai, J.D., Park, A.M., Gonzalez, J., Rajah,
A.M., Liu, X., Quinonez, D.M., Rinaudo, P.F., Maltepe, E., 2013. ECM-dependent HIF
induction directs trophoblast stem cell fate via LIMK1-mediated cytoskeletal
rearrangement. PLoS One 8, e56949.
Clayton, L., Hall, A., Johnson, M.H., 1999. A role for Rho-like GTPases in the
polarisation of mouse eight-cell blastomeres. Dev. Biol. 205, 322–331.
Cowden Dahl, K.D., Fryer, B.H., Mack, F.A., Compernolle, V., Maltepe, E., Adelman, D.M.,
Carmeliet, P., Simon, M.C., 2005. Hypoxia-inducible factors 1alpha and 2alpha
regulate trophoblast differentiation. Mol. Cell. Biol. 25, 10479–10491.
Dokras, A., Gardner, L.M., Seftor, E.A., Hendrix, M.J., 2001. Regulation of human
cytotrophoblast morphogenesis by hepatocyte growth factor/scatter factor.
Biol. Reprod. 65, 1278–1288.
Dunwoodie, S.L., 2009. The role of hypoxia in development of the mammalian
embryo. Dev. Cell 17, 755–773.
El-Hashash, A.H., Kimber, S.J., 2006. PTHrP induces changes in cell cytoskeleton and
E-cadherin and regulates Eph/Ephrin kinases and RhoGTPases in murine
secondary trophoblast cells. Dev. Biol. 290, 13–31.
Fennema, E., Rivron, N., Rouwkema, J., van Blitterswijk, C., de Boer, J., 2013.
Spheroid culture as a tool for creating 3D complex tissues. Trends Biotechnol.
31, 108–115.
Gasperowicz, M., Rai, A., Cross, J.C., 2013a. Spatiotemporal expression of Notch
receptors and ligands in developing mouse placenta. Gene Expr. Patterns 13,
249–254.
Gasperowicz, M., Surmann-Schmitt, C., Hamada, Y., Otto, F., Cross, J.C., 2013b. The
transcriptional co-repressor TLE3 regulates development of trophoblast giant
cells lining maternal blood spaces in the mouse placenta. Dev. Biol. 382, 1–14.
Guzman-Ayala, M., Ben-Haim, N., Beck, S., Constam, D.B., 2004. Nodal protein
processing and ﬁbroblast growth factor 4 synergize to maintain a trophoblast
stem cell microenvironment. Proc. Natl. Acad. Sci. USA 101, 15656–15660.
Hamada, Y., Kadokawa, Y., Okabe, M., Ikawa, M., Coleman, J.R., Tsujimoto, Y., 1999.
Mutation in ankyrin repeats of the mouse Notch2 gene induces early embryo-
nic lethality. Development 126, 3415–3424.
Hemberger, M., Hughes, M., Cross, J.C., 2004. Trophoblast stem cells differentiate
in vitro into invasive trophoblast giant cells. Dev. Biol. 271, 362–371.
Hu, D., Cross, J.C., 2011. Ablation of Tpbpa-positive trophoblast precursors leads to
defects in maternal spiral artery remodeling in the mouse placenta. Dev. Biol.
358, 231–239.
Hunkapiller, N.M., Gasperowicz, M., Kapidzic, M., Plaks, V., Maltepe, E., Kitajewski, J.,
Cross, J.C., Fisher, S.J., 2011. A role for notch signaling in trophoblast endovascular
invasion and in the pathogenesis of pre-eclampsia. Development 138,
2987–2998.
James, J.L., Stone, P.R., Chamley, L.W., 2006. The regulation of trophoblast differ-
entiation by oxygen in the ﬁrst trimester of pregnancy. Hum. Reprod. Update
12, 137–144.
Jauniaux, E., Watson, A.L., Hempstock, J., Bao, Y.P., Skepper, J.N., Burton, G.J., 2000.
Onset of maternal arterial blood ﬂow and placental oxidative stress. A possible
factor in human early pregnancy failure. Am. J. Pathol. 157, 2111–2122.
Kaufmann, P., Black, S., Huppertz, B., 2003. Endovascular trophoblast invasion:
implications for the pathogenesis of intrauterine growth retardation and
preeclampsia. Biol. Reprod. 69, 1–7.
Kibschull, M., Nassiry, M., Dunk, C., Gellhaus, A., Quinn, J.A., Rossant, J., Lye, S.J.,
Winterhager, E., 2004. Connexin31-deﬁcient trophoblast stem cells: a model to
analyze the role of gap junction communication in mouse placental develop-
ment. Dev. Biol. 273, 63–75.
Koch, Y., van Furden, B., Kaiser, S., Klein, D., Kibschull, M., Schorle, H., Carpinteiro, A.,
Gellhaus, A., Winterhager, E., 2012. Connexin 31 (GJB3) deﬁciency in mouse
trophoblast stem cells alters giant cell differentiation and leads to loss of
oxygen sensing. Biol. Reprod. 87, 37.
Korff, T., Krauss, T., Augustin, H.G., 2004. Three-dimensional spheroidal culture of
cytotrophoblast cells mimics the phenotype and differentiation of cytotropho-
blasts from normal and preeclamptic pregnancies. Exp. Cell Res. 297, 415–423.
Lammert, E., Axnick, J., 2012. Vascular lumen formation. Cold Spring Harb. Perspect.
Med. 2, a006619.
Matson, B.C., Caron, K.M., 2014. Uterine natural killer cells as modulators of the
maternal-fetal vasculature. Int. J. Dev. Biol. 58, 199–204.
Parast, M.M., Aeder, S., Sutherland, A.E., 2001. Trophoblast giant-cell differentiation
involves changes in cytoskeleton and cell motility. Dev. Biol. 230, 43–60.
Rai, A., Cross, J.C., 2014. Development of the hemochorial maternal vascular spaces
in the placenta through endothelial and vasculogenic mimicry. Dev. Biol. 387,
131–141.
Rossant, J., Cross, J.C., 2001. Placental development: lessons from mouse mutants.
Nat. Rev. Genet. 2, 538–548.
Scott, I.C., Anson-Cartwright, L., Riley, P., Reda, D., Cross, J.C., 2000. The HAND1 basic
helix-loop-helix transcription factor regulates trophoblast differentiation via
multiple mechanisms. Mol. Cell. Biol. 20, 530–541.
Table 1
Summary of gene expression in TGC subtypes.
Gene name Synonyms TGC subtypes
Spiral artery (SpA-TGC) Canal (C-TGC) Sinusoidal (S-TGC) Channel (Ch-TGC) Parietal (P-TGC)
Arterial Feeds into labyrinth Feeds into labyrinth Feeds into labyrinth Venous
Prl3d1 Pl1α, PL-Ialpha – – – – ✓
Prl3b1 Pl2, PL-II – ✓ ✓ – ✓
Prl2c2 Plf ✓ ✓ – ✓ ✓
Ctsq – – – ✓ ✓ –
A. Rai, J.C. Cross / Developmental Biology 398 (2015) 110–119118
Simmons, D.G., Fortier, A.L., Cross, J.C., 2007. Diverse subtypes and developmental
origins of trophoblast giant cells in the mouse placenta. Dev. Biol. 304,
567–578.
Simmons, D.G., Rawn, S., Davies, A., Hughes, M., Cross, J.C., 2008. Spatial and
temporal expression of the 23 murine Prolactin/Placental Lactogen-related
genes is not associated with their position in the locus. BMC Genomics 9, 352.
Soares, M.J., Chakraborty, D., Kubota, K., Renaud, S.J., Rumi, M.A., 2014. Adaptive
mechanisms controlling uterine spiral artery remodeling during the establish-
ment of pregnancy. Int. J. Dev. Biol. 58, 247–259.
Strilic, B., Kucera, T., Eglinger, J., Hughes, M.R., McNagny, K.M., Tsukita, S., Dejana, E.,
Ferrara, N., Lammert, E., 2009. The molecular basis of vascular lumen formation
in the developing mouse aorta. Dev. Cell 17, 505–515.
Tanaka, S., Kunath, T., Hadjantonakis, A.K., Nagy, A., Rossant, J., 1998. Promotion of
trophoblast stem cell proliferation by FGF4. Science 282, 2072–2075.
Watson, E.D., Hughes, M., Simmons, D.G., Natale, D.R., Sutherland, A.E., Cross, J.C.,
2011. Cell-cell adhesion defects in Mrj mutant trophoblast cells are associated
with failure to pattern the chorion during early placental development.
Dev. Dyn.: Off. Publ. Am. Assoc. Anat. 240, 2505–2519.
Wildman, D.E., Chen, C., Erez, O., Grossman, L.I., Goodman, M., Romero, R., 2006.
Evolution of the mammalian placenta revealed by phylogenetic analysis.
Proc. Natl. Acad. Sci. USA 103, 3203–3208.
Yan, J., Tanaka, S., Oda, M., Makino, T., Ohgane, J., Shiota, K., 2001. Retinoic acid
promotes differentiation of trophoblast stem cells to a giant cell fate. Dev. Biol.
235, 422–432.
Zybina, E.V., Zybina, T.G., 1996. Polytene chromosomes in mammalian cells. Int. Rev.
Cytol. 165, 53–119.
A. Rai, J.C. Cross / Developmental Biology 398 (2015) 110–119 119
